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Abstract- The viscosity and fluidity of a starch solution 
with a water-starch ratio of 2.0w/w was studied during 
gelatinisation under strong alkali conditions, in a Co-axial 
cylinder viscometer for 17g/dm3 - 23g/dm3 concentrations of 
NaOH solution. 
The degree of gelatinization was defined in terms of 
viscosity and the experimental data fit to eleven rate equations 
based on the mechanism of the unreacted-core model. 
The model for Product layer diffusion plus Chemical 
reaction control (F) gave the best fit (0.9930  R2  0.9999) to 
the experimental data at all sodium hydroxide concentrations 
studied, with the Product layer diffusion control step 
dominating at low sodium hydroxide concentrations while the 
Chemical reaction control step dominated at high sodium 
hydroxide concentrations.  
This model can serve as a guide for obtaining specific 
concentrations of sodium hydroxide to be used for production 
of an adhesive with a pre-determined viscosity or to develop a 
robust model for optimising the process of producing adhesives 
from starch. 
Keywords- starch, gelatinisation, viscosity, fluidity, 
rheological, equilibrium  
 
I.  INTRODUCTION 
Starch is one of the most common substances existing in 
nature and is the major basic constituent of the average diet. 
The most important practical property of starch is its ability to 
undergo hydration, irreversible swelling, crystallite melting, 
loss of birefringence and solubilisation under the influence of 
heat and/or certain chemical in an aqueous medium to give 
starch paste. This process is called gelatinization. 
The chemical gelatinization of starch-under strong alkali 
conditions-is the basic industrial reaction in the conversion of 
starch to adhesives (glue)(Leach, 1965; Austin, 1985; Halley & 
Sopade, 2004;www.cerestar.com, 2004). 
This demand for starch base glues notwithstanding, much 
less is known about alkali gelatinization-compared to thermal 
gelatinization-and especially no kinetic approach has appeared 
in open literature (Yamamoto et.al. 2005). 
In order to develop the kinetics of starch gelatinization 
using the rheological approach, one must properly define a 
physical (measurable) quantity that is related to a degree of 
gelatinization and must measure its time dependence under 
isothermal conditions. 
 
II. THEORETICAL PRINCIPLIES 
A. Model Development 
Starch gelatinization under strong alkali conditions is a 
heterogeneous (fluid-particle) reaction in which a liquid 
(water) reacts with a solid (starch) to produce an adhesive 
paste, in the presence of an alkali (sodium hydroxide). Sodium 
hydroxide weakens the micellar network within the starch 
granules by disrupting hydrogen bonds. This permits further 
hydration and irreversible granule swelling with paste viscosity 
rising rapidly to a peak value (Leach, 1965). 
Such reactions are represented as: 
A (fluid) +bB (solid)   Fluid Products             (1) 
         Solid Products           (2) 
         Fluid and Solid Products         (3) 
In the first case, the solid particle shrinks in size during the 
reaction. This is usually the case when a pure solid is used as a 
reactant or a flaking product is formed. 
In the last two cases, the solid particle remains unchanged 
in size during the reaction. This is the case when an impure 
solid is used as reactant or a firm solid product is formed. 
Yagi and Kunii (1955) developed a model called the 
unreacted-core model, which has gained a wide acceptability in 
modeling fluid-particle reactions. They visualised that the 
reaction first occurs at the outer skin of the particle. The zone 
of reaction then moves into the solid and may leave behind 
completely converted material or inert solid. There exists at 
any time an unreacted core of material, which shrinks in size 
during the reaction. 
For an irreversible heterogeneous reaction as gelatinisation, 
the model visualized three steps occurring in succession, any of 
which could be rate controlling. 
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STEP 1: Diffusion of the reacting fluid through film 
surrounding the solid particle, to the surface of the solid. 
STEP 2: Diffusion of the reacting fluid through the product 
layer to the surface of the unreacted core. 
STEP 3:  Chemical reaction of the reacting fluid with the 
solid at this surface. 
For most cases where the particle shrinks in size, the 
second step does not play any role. This step cannot be ignored 
for gelatinisation because the viscous paste formed is closely 
attached to the unreacted solid and could offer resistance to 
diffusion. 
Assumptions: 
 Starch particles are spherical in shape. 
 Interaction between starch particles is negligible. 
 The degree of gelatinization is equivalent to conversion. 
 
The following equations relating time (t), time for complete 
conversion () and conversion (x) at any time, have been 
developed for different rate controlling steps, based on a 
spherical particle: 
1. Film Diffusion Controls (Stokes regime) :  
2/3
t 1-(1-x)      (4) 
2. Film Diffusion (Non-stokes regime): 
1/2
t 1-(1-x)      (5) 
3. Product Layer Diffusion Controls : 
2/3
t 1-3(1-x) 2(1 x)      (6) 
4. Chemical Reaction Controls: 
1/3
t 1-(1-x)      (7) 
The relative importance of the Fluid film, Product layer and 
Chemical reaction steps will vary as conversion progresses. In 
general, then, it may not be reasonable to consider that just one 
step controls throughout the reaction. To account for 
simultaneous action of these resistances, it can be shown that 
the time to reach any stage of conversion is the sum of times 
needed if each resistance acted alone (Levenspiel, 2006). 
 alonereaction  chemicalalonelayer product alone filmtotal tttt    (8)   
alonereaction  chemicalalonelayer product alone filmtotal    (9) 
Thus we can develop models where two steps or three steps 
are rate-controlling. 
 
III. MODIFICATION OF MODELS 
One experimental observation from starch gelatinization 
under strong alkali conditions, which is also in agreement with 
literature, is that there is always a time lag between the 
contacting of reactants and any observable reaction. This is the 
time it takes for the starch particles to adsorb the required 
amount of sodium hydroxide to break its hydrogen bonds and 
make it susceptible to gelatinization (Leach, 1965; Mangels 
and Bailey, 1993). 
On modification of the original equations by including the 
lag or delay time (td), we have: 
1. Film Diffusion Controls (Stokes regime):  
2/3
d
(t-t ) (1-(1-x) )    (10) 
2. Film Diffusion Controls (Non-stokes regime): 
1/2
d
(t-t ) (1-(1-x) )    (11) 
3. Product Layer Diffusion Controls:  
2/3
d
(t-t ) (1-3(1-x) 2(1 x))     (12) 
4. Chemical Reaction Controls: 
 
1/3
d
(t-t ) (1-(1-x) )    (13) 
These four rate equations (eq.10 - eq.13) can be combined 
with eq.8 to account for situations when more than one step is 
rate-controlling, thus: 
One-Step Controls 
A1    Diffusion through fluid film controls (stokes regime) 
 
2/3
dA1 F1
(t-t ) (1-(1-x) )     (14) 
A2    Diffusion through fluid film controls (non-stokes regime) 
 
1/2
dA2 F2
(t-t ) (1-(1-x) )     (15) 
B      Diffusion through Product layer controls 
 
2/3
dB P
(t-t ) (1-3(1-x) 2(1 x))      (16) 
C      Chemical reaction controls 
 
1/3
dC C
(t-t ) (1-(1-x) )     (17) 
Two-Step Controls 
D1    Film diffusion plus Product layer controls (stokes regime) 
2/3 2/3
dD1 F1 P
(t-t ) (1-(1-x) ) (1 3(1 x) 2(1 x))          (18) 
D2  Film diffusion plus Product layer controls (non-stokes 
regime) 
1/2 2/3
dD2 F2 P
(t-t ) (1-(1-x) ) (1 3(1 x) 2(1 x))          (19) 
E1   Film diffusion plus Chemical reaction controls (stokes 
regime) 
2/3 1/3
dE1 F1 C
(t-t ) (1-(1-x) ) (1 (1 x) )          (20) 
E2   Film diffusion plus Chemical reaction controls (non-
stokes regime) 
1/2 1/3
dE2 F2 C
(t-t ) (1-(1-x) ) (1 (1 x) )          (21) 
F       Product layer diffusion plus Chemical reaction controls 
2/3 1/3
dF P C
(t-t ) (1-3(1-x) 2(1 x)) (1 (1 x) )           (22) 
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Three-Step Controls 
G1 Film diffusion plus Product layer plus Chemical 
reaction controls (stokes regime) 
2/3 2/3
dG1 F1 P
1/3
C
(t-t ) (1 (1 x) ) (1-3(1-x)
2(1 x)) (1 (1 x) )
 

   
    
     (23) 
G2 Film diffusion plus Product layer plus Reaction 
controls (non-stokes regime) 
1/2 2/3
dG2 F2 P
1/3
C
(t-t ) (1 (1 x) ) (1-3(1-x)
2(1 x)) (1 (1 x) )
 

   
    
     (24) 
These rate equations (eq. 14 – eq. 24) can be used with the 
MATLAB curve fitting toolbox without modification, for 
analysis of experimental data. 
 
IV. MATERIALS AND METHODS 
A. Raw Materials:  
Distilled water, Cassava starch and Sodium hydroxide 
(NaOH). 
B. Equipments and Apparatus:  
Glass beakers (250 cm3), Measuring cylinders, Stopwatch, 
Conical flask, Temperature sensors, Electronic-weighing 
balance, Glass rod stirrer, Sieve cloth, Knife, Grating device, 
Co-axial cylinder viscometer and Water bath. 
C. Starch Gelatinization Study 
(i) 50grams of the dry starch powder was weighed out and 
dispersed in 100 cm3 of    distilled water, to obtain dispersion 
with a water to starch ratio of 2:1(Freitas et. al., 2002). 
(ii) 100 cm3 of starch dispersion prepared in (i) above was 
measured into a metallic cylindrical vessel – originally a 
component of the coaxial cylinder viscometer – and 100 cm3 
of sodium hydroxide solution was added to it. The metallic 
cylindrical vessel served as the reactor. 
(iii) The metallic cylindrical vessel (laboratory reactor) was 
then incorporated into the coaxial cylinder viscometer set up. 
The coaxial cylinder viscometer was set at a specified shear 
rate of 1 rpm and switched on. 
(iv) The corresponding shear stress was read off the dial of 
the viscometer at intervals of ten seconds, with the rate of 
agitation kept constant throughout the experiment and in 
subsequent experiments. 
(v) The dial reading (shear stress) was converted to 
standard viscosity units using factors provided by the 
manufacturers of the coaxial cylinder viscometer (Nelson, 
1990; Chandler Engineering, 2004). Thus, viscosity = F * (Dial 
reading). The inverse of the viscosity was recorded as the 
fluidity. 
(vi) The experimental procedure was repeated for all 
sodium hydroxide concentrations. 
V. RESULTS, DATA ANALYSIS AND DISCUSSION 
Based on the work of Osoka et al. (2008) the equilibrium 
fluidity was obtained by fitting the fluidity-time curve to the 
model, F = Fe exp (Kt
n
), where n < 0 and Fe the equilibrium 
fluidity (value of Fluidity (F) as time (t) tends to infinity) and 
equilibrium viscosity obtained as the inverse of the equilibrium 
fluidity.  
The degree of gelatinization (conversion) was defined in terms 
of viscosity as 
o
e o
-
x
-
 
 
  
TABLE 1. NUMERICAL FIT RESULTS FOR 17G/DM3 NAOH CONCENTRATION 
Model td(secs) F1(secs) F2(secs) P(secs) C(secs) R
2 RMSE SSE 
A1 150.9 405.2    0.9577 17.23 7772 
A2 160.5  467.6   0.9711 14.26 5288 
B 222.5   537.7  0.9942 6.367 1054 
C 170    602.4 0.9820 11.26 3294 
D1 213.8 46.07  479.1  0.9948 6.157 947.7 
D2 213.2  66.64 463.2  0.9949 6.124 937.6 
E1 170 4.526e-6   602.4 0.9820 11.48 3294 
E2 170  1.408e-5  602.4 0.9820 11.48 3294 
F 211.7   433 119.3 0.9950 6.039 911.7 
G1 211.7 1.742e-8  433 119.3 0.9950 6.039 911.7 
G2 211.7  6.308e-8 433 119.3 0.9950 6.039 911.7 
TABLE 2.   NUMERICAL FIT RESULTS FOR 18G/DM3 NAOH CONCENTRATION 
Model td(secs) F1(secs) F2(secs) P(secs) C(secs) R
2 RMSE SSE 
A1 121.7 420.9    0.9847 12.86 5459 
A2 134  473.8   0.9948 7.516 1864 
B 200.9   492.4  0.9744 16.64 9143 
C 147.1    598.8 0.9979 4.766 749.7 
D1 152.7 243  217.5  0.9989 3.448 380.4 
D2 151.6  340 144  0.9987 3.754 450.9 
E1 146.4 10.42   575.4 0.9979 4.83 746.7 
E2 146.1  34.43  547.1 0.9979 4.818 742.8 
F 149.3   21.97 564.1 0.9980 4.782 731.8 
G1 152.7 243  217.5 9.579e-8 0.9989 3.448 380.4 
G2 151.6  340 144 2.866e-5 0.9987 3.814 450.9 
TABLE 3.  NUMERICAL FIT RESULTS FOR 19G/DM3 NAOH CONCENTRATION 
Model td(secs) F1(secs) F2(secs) P(secs) C(secs) R
2 RMSE SSE 
A1 81.01 360.2    0.9479 21.2 12910 
A2 88.19  413.8   0.9660 17.05 8428 
B 136.1   467.7  0.9903 9.092 2397 
C 95.82    528.3 0.9806 12.89 4816 
D1 124.9 65.69  387  0.9924 8.205 1885 
D2 124.2  94.73 364.3  0.9926 8.112 1843 
E1 95.82 4.467e-7   528.3 0.9806 12.89 4816 
E2 95.82  4.135e-7  528.3 0.9806 12.89 4816 
F 122.5   320.7 169.1 0.9930 7.864 1732 
G1 122.5 2.281e-9  320.7 169.1 0.9930 7.864 1732 
G2 122.5  1.903e-10 320.7 169.1 0.9930 7.864 1732 
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TABLE 4.   NUMERICAL FIT RESULTS FOR 20G/DM3 NAOH CONCENTRATION 
Model td(secs) F1(secs) F2(secs) P(secs) C(secs) R
2 RMSE SSE 
A1 1.121e-6 506.2    0.9452 28.72 33840 
A2 18.12  556.4   0.9712 21.08 17770 
B 111.3   522.4  0.9983 5.19 1077 
C 40.79    666.3 0.9893 12.83 6580 
D1 102.6 35.5  488.2  0.9985 4.819 905.8 
D2 101.4  55.73 471.7  0.9986 4.737 875.1 
E1 40.79 1.495e-6   666.3 0.9893 12.99 6580 
E2 40.79  1.946e-7  666.3 0.9893 12.83 6580 
F 97.59   424.8 125.9 0.9988 4.433 766.3 
G1 97.59 2.562e-8  424.8 125.9 0.9988 4.433 766.3 
G2 97.59  1.439e-8 424.8 125.9 0.9988 4.433 766.3 
TABLE 5: NUMERICAL FIT RESULTS FOR 21G/DM3 NAOH CONCENTRATION  
Model td(secs) F1(secs) F2(secs) P(secs) C(secs) R
2 RMSE SSE 
A1 40.55 309.1    0.9750 9.612 1663 
A2 44.17  371   0.9831 7.893 1121 
B 79.16   534  0.9875 6.784 828.4 
C 47.84    498.8 0.9897 6.171 685.5 
D1 62.39 125.2  325.6  0.9972 3.29 184 
D2 62.17  170.5 294.9  0.9973 3.24 178.5 
E1 47.84 2.238e-6   498.8 0.9897 6.35 685.5 
E2 47.84  1.456e-5  498.8 0.9897 6.35 685.5 
F 61.74   253.1 266.8 0.9975 3.134 167 
G1 61.74 3.592e-5  253.1 266.8 0.9975 3.231 167 
G2 61.74  5.425e-11 253.1 266.8 0.9975 3.134 167 
TABLE 6: NUMERICAL FIT RESULTS FOR 22G/DM3 NAOH CONCENTRATION 
Model td(secs) F1(secs) F2(secs) P(secs) C(secs) R
2 RMSE SSE 
A1 15.69 141.4    0.9973 1.019 4.152 
A2 16.2  178.4   0.9960 1.228 6.031 
B 25.78   430  0.9179 5.586 124.8 
C 16.71    252.8 0.9943 1.468 8.622 
D1 15.69 141.4  3.731e-9  0.9973 1.019 4.152 
D2 16.2  178.4 1.212e-9  0.9960 1.228 6.031 
E1 15.69 141.4   2.304e-7 0.9973 1.019 4.152 
E2 16.2  178.4  1.42e-8 0.9960 1.228 6.031 
F 16.71   3.977e-14 252.8 0.9943 1.468 8.622 
G1 15.69 141.4  9.433e-12 6.321e-12 0.9973 1.019 4.152 
G2 16.2  178.4 5.97e-14 4.105e-11 0.9960 1.228 6.031 
TABLE 7: NUMERICAL FIT RESULTS FOR 23G/DM3 NAOH CONCENTRATION 
Model td(secs) F1(secs) F2(secs) P(secs) C(secs) R
2 RMSE SSE 
A1 1.709 135    0.9918 1.495 6.706 
A2 2.143  171.3   0.9936 1.322 5.24 
B 11   462.2  0.9882 1.792 9.637 
C 2.572    244.2 0.9952 1.147 3.949 
D1 5.735 74.36  212.1  0.9999 0.2464 0.1214 
D2 5.722  99.53 197.6  0.9999 0.2438 0.1189 
E1 2.572 6.711e-9   244.2 0.9952 1.147 3.949 
E2 2.572  6.266e-10  244.2 0.9952 1.147 3.949 
F 5.699   181.2 150.3 0.9999 0.2398 0.1144 
G1 5.699 2.932e-6  181.2 150.3 0.9999 0.3383 0.1144 
G2 5.699  1.113e-2 182.6 149.5 0.9999 0.3387 0.1147 
 
A. One-Step Control Models 
The fit results show that the model for Film diffusion 
control under stokes regime and  non-stokes regime (A1 and 
A2) do not fit the experimental data except at high sodium 
hydroxide concentrations of 22g/dm
3
 and 23g/dm
3
. For other 
concentrations of sodium hydroxide, the models under-predict 
the experimental data at low conversions (x < 0.4) and over-
predicts it at higher conversions. 
The fit results of the model for Product layer diffusion 
control (B) shows that it gives a better fit when lower 
concentrations of sodium hydroxide were us. It also fits the 
data at higher values of conversion, especially x > 0.6, but 
performs poorly for high concentrations of sodium hydroxide 
(22g/dm
3
 and 23g/dm
3
) and at very low conversions (x < 0.25) 
where it over-predicts the experimental data. 
The model for Chemical reaction control (C) does not fit 
the data except for sodium hydroxide concentrations of 
18g/dm
3
, 22g/dm
3
 and 23g/dm
3
. It also under-predicts the data 
at low conversions (x < 0.4), for most sodium hydroxide 
concentrations. Nevertheless, it gives a better fit than all other 
one-step control models. 
B. Two-Step Control Models 
The model for Film diffusion (stokes regime) plus Product 
layer diffusion control (D1) gave a good numerical fit (0.9924 
 R2  0.9999) for the experimental data at all sodium  
hydroxide concentrations, but the graphical fit results show 
that it performs poorly at very low conversions. The numerical 
fit results also show that the Product layer diffusion step 
dominates for most sodium hydroxide concentrations, as can be 
seen from the values of time for complete conversion. 
The fit results for Film diffusion (non-stokes regime) plus 
Product layer diffusion control (D2) are similar to D1 with a 
good numerical fit (0.9926  R2  0.9999) for all sodium 
hydroxide concentrations, with the Product layer diffusion step 
dominating. 
The graphical fits for Film diffusion (stokes regime) plus 
Chemical reaction control (E1) model and Film diffusion (non-
stokes regime) plus Chemical reaction control (E2) model are 
similar. They under-predict the experimental data at low 
conversions (x < 0.4) and give numerical fits with R
2
 > 0.99 for 
18g/dm
3
, 22g/dm
3
 and 23g/dm
3
 sodium hydroxide 
concentrations. The Chemical reaction control step plays the 
dominant role for most sodium hydroxide concentrations. 
The model for Product layer diffusion plus Chemical 
reaction control (F) gave a good numerical fit (0.9930  R2  
0.9999) for the experimental data at all sodium hydroxide 
concentrations. The Product layer diffusion control step 
dominates at low sodium hydroxide concentrations while the 
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Chemical reaction control step dominates at high sodium 
hydroxide concentrations. 
For most sodium hydroxide concentrations, the Two-step 
control models are an improvement on the One-step control 
models. 
C. Three-Step control Models 
The model for Film diffusion (stokes regime) plus Product 
layer diffusion plus Chemical reaction control (G1) and Film 
diffusion (non-stokes regime) plus Product layer diffusion plus 
Chemical reaction control (G2) have similar graphical and 
numerical fit results (0.9930  R2  0.9999) for all 
concentrations of sodium hydroxide. This means that the fit 
results were not improved. 
Two steps at most were rate controlling for all sodium 
hydroxide concentrations, with the third step having a value of 
time for complete conversion approximately equal to zero. 
Product layer diffusion and Chemical reaction steps 
controlled the rate for most concentrations of sodium 
hydroxide. The delay time (td) obtained for the Three-Step 
control models and its fits matched with those of Product layer 
diffusion plus Chemical reaction control (F) model for most 
sodium hydroxide concentrations. It is therefore not necessary 
to model for Three-Step control. 
The model with the best fits for all conversions is that of 
Product layer diffusion plus Chemical reaction control (F), 
followed by D2 and D1 respectively. It can be observed that 
these three rate equations have the Product layer diffusion step 
in common. 
The performance of most of the models at low conversion 
makes it imperative to consider the experimental data in two 
phases, at low conversion (x < 0.4) and at high conversion (x  
0.4). 
VI. CONCLUSION 
Starch gelatinization under strong alkali conditions is a 
heterogeneous (fluid-particle) reaction based on the mechanism 
of the unreacted-core model. The individual granules adsorb 
alkali and gelatinise when the amount of adsorbed alkali 
exceeds a certain threshold concentration (Leach, 1965; 
Mangels and Bailey, 1993). 
The model for Product layer diffusion plus Chemical 
reaction control (F) gave the best fit (0.9930  R2  0.9999) for 
the experimental data at all sodium hydroxide concentrations 
with the Product layer diffusion control step dominating at low 
sodium hydroxide concentrations while the Chemical reaction 
control step dominates at high sodium hydroxide 
concentrations.  
The performance of most of the models at low conversion 
though, makes it imperative to consider the experimental data 
in two phases, at low conversion (x < 0.4) and at high 
conversion (x  0.4). (see figure 1 at the next page) 
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Fig.1: Sample Graphical fit results of coversion (x) vs. time (t) for all models using 20g/dm3 NaOH concentration 
 
